Otoacoustic emissions (OAEs) provide an acoustic fingerprint of the inner ear, and changes in this fingerprint may indicate changes in cochlear function arising from efferent modulation, aging, noise trauma, and/or exposure to harmful agents. However, the reproducibility and diagnostic power of OAE measurements is compromised by the variable acoustics of the ear canal, in particular, by multiple reflections and the emergence of standing waves at relevant frequencies. Even when stimulus levels are controlled using methods that circumvent standing-wave problems (e.g., forwardpressure-level calibration), distortion-product otoacoustic emission (DPOAE) levels vary with probe location by 10-15 dB near half-wave resonant frequencies. The method presented here estimates the initial outgoing OAE pressure wave at the eardrum from measurements of the conventional OAE, allowing one to separate the emitted OAE from the many reflections trapped in the ear canal. The emitted pressure level (EPL) represents the OAE level that would be recorded were the ear canal replaced by an infinite tube with no reflections. When DPOAEs are expressed using EPL, their variation with probe location decreases to the test-retest repeatability of measurements obtained at similar probe positions. EPL provides a powerful way to reduce the variability of OAE measurements and improve their ability to detect cochlear changes.
I. INTRODUCTION
Recordings of otoacoustic emissions (OAEs) offer a noninvasive means of monitoring and assessing the health of the cochlea's outer hair cells and related aspects of inner-ear mechanics. For example, because emission levels tend to fluctuate before significant changes in hearing sensitivity appear, OAEs provide a harbinger of impending sensory hearing loss due to sound exposure, ototoxic drugs, and aging (Ahmed et al., 2001; Campbell, 2004; Lapsley Miller and Marshall, 2007; Marshall et al., 2009; Rao and Long, 2011; Poling et al., 2014) . Because basal regions of the cochlea are the most susceptible to damage, OAE changes are often first observed and most prominent at high frequencies. Unfortunately, the clinical application of these findings has been hampered by large test-retest differences across measurement sessions, differences that are particularly acute at high frequencies (reviewed in Konrad-Martin et al., 2016) . Here, we show that the repeatability of OAE measurements can be substantially improved by correcting for the effects of ear-canal acoustics (e.g., standing waves) on both the evoking sound stimulus and the resulting OAE pressures. We propose a new OAE metric-emitted pressure-that, when combined with an appropriate stimulus calibration method, substantially reduces the effects of ear-canal acoustics on OAE measurements, particularly at high frequencies. Although we illustrate the ideas using measurements of distortion-product otoacoustic emissions (DPOAEs), the concepts apply to any type of OAE.
A. Stimulus calibration and standing waves
The reliability and repeatability of any hearing test hinges on appropriate stimulus calibration. Most current OAE measurement systems employ in-the-ear calibration procedures that compensate for individual differences in ear-canal acoustics with the goal of equalizing the total stimulus pressure at the OAE probe microphone. [We refer to calibration procedures that control the total pressure at the probe microphone as calibration based on sound-pressure level (SPL) .] However, because of reflections that occur within the enclosed ear-canal space, 1 the total pressure measured at the microphone may underestimate the pressure at the tympanic membrane (TM) by as much as 20 dB near the quarter-wave nulls (Siegel, 1994) . We illustrate this schematically in Fig. 1 , where the ear canal is idealized as a closed tube. The total pressure measured at any position along the tube represents the sum of the forward-going waves (i.e., the waves traveling away from the source) and the reverse-going waves [those traveling toward the source, see Fig. 1(A) ]. Multiple waves traveling in the two directions arise by reflection at the ends of the tube. The total pressure measured near the sound source depends on the relative phases of the forward and reverse waves at that location. At certain frequencies, the waves combine out of phase and largely cancel one another [see Fig.  1 (B), upward triangles and solid back curve]. Cancellation creates so-called standing-wave pressure nodes, which occur at odd multiples 2 of the quarter-wave null frequency (f k/4 ), given by f k/4 ¼ c/4L, where L is the length of the residual earcanal space and c is the speed of sound in air. At the other end of the canal (i.e., at the TM), the forward and reverse waves combine with similar phases, and no cancellation at f k/4 occurs in the total pressure [ Fig. 1(B) , dotted magenta line]. Thus, total-pressure (SPL-based) calibrations result in a significant underestimation of the TM pressure near quarterwave frequencies in a manner that depends strongly on probe position relative to the TM. For instance, Souza et al. (2014) demonstrated that shifting the probe position within the ear canal by a few millimeters causes behavioral thresholds referenced to total pressure to vary by as much as 20 dB at frequencies greater than 3-4 kHz. Similarly, the variability in OAE measurements increases when probe refitting is used in conjunction with SPL-based calibration (Zhao and Stephens, 1999; Beattie et al., 2003; Mills et al., 2007; Wagner et al., 2008; Keppler et al., 2010; Piłka et al., 2014) .
To help alleviate standing-wave problems, alternative in situ stimulus calibration methods have been proposed. One such method reduces interference effects by defining the relevant stimulus not as the total pressure but as the sum of all forward-going waves in the ear canal [Fig. (B) , dashed and solid red lines; Scheperle et al., 2008] . The resulting complex stimulus pressure has been called the "forward pressure" and its level expressed using forward-pressure level (FPL) . The complex forward pressure (STIM FPL ) can be obtained from the total pressure (STIM SPL ) using the formula
where R is the ear-canal pressure reflectance measured at the probe microphone. Although reflectance measurements in ear canals and other tubes of non-uniform geometry can be challenging (for a recent review see Rosowski et al., 2013) , methods based on determination of the Th evenin-equivalent source parameters of the probe generally provide sufficient accuracy to reveal the benefits of FPL-based stimulus calibration (Lewis et al., 2009; Scheperle et al., 2011) . For example, hearing thresholds referenced to FPL, unlike those expressed in SPL, are largely insensitive to changes in probe location, implying that FPL-based calibrations account well for variations in the length of an individual's residual earcanal space (Souza et al., 2014) . Stimulus calibrations based on forward rather than total pressure decrease the dependence of OAE levels on probe location but do not eliminate it (Scheperle et al., 2008) . For example, Scheperle et al. (2008) found that DPOAE levels measured at two probe positions in the ear canal differed, on average, by 2-3 dB for distortion-product (DP) frequencies (i.e., 2f 1 À f 2 ) between 0.6 and 3.8 kHz and by up to 6 dB at frequencies near 5.3 kHz, the highest frequency measured. 3 We suggest that these changes represent the effects of earcanal acoustics not on the stimulus, which have largely been removed by using FPL-based calibration, but on the emission itself. We base our suggestion on Fig. 1 , reconsidered in the context of an OAE measurement. The speaker now represents the vibrating TM emitting an OAE [ Fig. 1(A) , solid red arrow]. The OAE pressure wave propagates toward the probe microphone [ Fig. 1(A) , magenta mic], where it reflects back toward the TM. The reflected OAE wave subsequently undergoes another reflection at the TM back toward the probe, and the process continues in a series of multiple reflections that gradually diminish in amplitude due to energy dissipation [ Fig. 1(A) , dashed arrows]. Because the total pressure measured at any point represents the sum of all forward and reverse waves trapped in the residual ear-canal space, the total OAE measured at the microphone differs from the initial OAE wave emitted at the TM [ Fig. 1(B) , dotted magenta line vs solid red line). Closing the ear canal with the probe assembly not only boosts the total OAE pressure at low frequencies due to increased load impedance 4 (Withnell et al., 1998; Boul and Lineton, 2010) , it also affects the pressure at higher frequencies, specifically near the half-wave resonances [multiples of f k/2 ¼ c/2L; downpointing triangles in Fig. 1(B) ]. Thus, even when the evoking stimuli are compensated for ear-canal acoustics, OAE pressures measured at the microphone still vary with probe location. The largest changes are expected near the half-wave resonant frequencies (f k/2 $ 8 kHz in adults), where emission levels could be boosted by as much as 10 dB. Half-wave resonances (downward triangles) boost the total pressure measured at both ends, while quarter-wave nulls (upward triangles) affect the pressure measured near the sound source when the forward and reverse waves are out of phase.
B. Emitted pressure
Rendering OAE measurements independent of probe location evidently requires removing the confounding effects of ear-canal acoustics both from the evoking stimulus and from the resulting OAE. To achieve the latter, we propose a new OAE metric that defines the OAE not as the total emission pressure measured at the microphone but as the initial outgoing OAE wave at the TM [ Fig. 1(A), red arrow] . By definition, the initial outgoing wave is free of reflections-it represents the total OAE pressure that would be measured at the TM if the ear canal were replaced by an anechoic (e.g., infinite) tube with the same characteristic impedance. We refer to the initial outgoing pressure wave as the "emitted pressure" and to its level as the emitted pressure level (EPL).
Using a scattering-matrix representation of the residual ear-canal space, we derive formulas that extract the emitted pressure from the total OAE pressure measured at the microphone (see the Appendix). In the simplest case, when the ear-canal space can be approximated by a uniform reflectionless tube (i.e., a tube in which reflections occur at the ends but not within the tube itself), the complex emitted OAE pressure (OAE EPL ) becomes
where OAE SPL is the total emission pressure measured with the probe microphone (i.e., the conventional OAE), R is the ear-canal reflectance, R S is the pressure reflectance of the probe, and T is the ear-canal transmission coefficient (approximated here as e -ixs , where x is the angular frequency and s is the one-way ear-canal delay).
5 As a useful shorthand, we refer to the quantity C ¼ ð1 À RR S Þ=Tð1 þ R S Þ as the totalto-emitted pressure conversion function. Because all of the parameters included in the conversion function are readily available from FPL-based calibration routines, the implementation of emitted pressure is as simple as adding Eq. (2) to the data-acquisition software.
In this study, we test the dependence of stimulus calibration and OAE pressure on ear-canal acoustics by measuring DPOAEs across a broad frequency range at two probe positions in the ear canal (deep and shallow). We compare both total-and forward-pressure calibrations, extending the findings of Scheperle et al. (2008) to higher frequencies. After validating Eq. (2) using measurements in a simple tube, we test the prediction that OAE EPL remains independent of probe position when OAEs are evoked using FPL-calibrated stimuli. We find that the use of emitted pressure significantly improves the repeatability of OAE measurements across multiple test sessions.
II. METHODS

A. Subjects
Subjects were eight normal-hearing young adults (22-30 yrs old, six females), all with no history of ear disease, normal otoscopic exam, and normal audiometric thresholds (<15 dB hearing level) for frequencies in the range 0.5-16 kHz. Of the two ears in each subject, the ear that emitted the higher DPOAE levels at high frequencies was chosen for testing (six right ears and two left). All procedures were approved by the human studies committee at the Massachusetts Eye and Ear Infirmary.
B. Instrumentation and stimulus calibration
Stimulus waveforms were generated and responses acquired and averaged digitally using a Babyface Audio Interface (48 kHz sampling rate) and an ER10X OAE probe system (Etym otic Research, Elk Grove Village, IL). The microphone signal was amplified (20 dB) and high-passfiltered (cutoff frequency of 100 Hz). Th evenin-equivalent probe parameters (source pressure, P S , and impedance, Z S ) were obtained daily at room temperature using constantattenuation chirp responses measured in the ER10X calibrator [brass tube; inner diameter (i.d.) 7.9 mm; tube lengths ¼ 70, 62, 54, 37, and 28 mm] for each sound source separately (see Scheperle et al., 2008; Souza et al., 2014 for details) . Measurements were repeated until the so-called "calibration error" (calculated over 2-8 kHz range) was less than 1 (typically $0.03). In some measurements (Sec. II D) an ER7C probe microphone system (Etym otic Research) was used (preamplifier gain set at 0 dB). Microphone output was corrected for the mic sensitivity measured as described in Siegel (2007) . The data-acquisition hardware was controlled using custom software written in MATLAB (Mathworks, Natick, MA).
All measurements were performed in a soundattenuating chamber. The OAE probe was suspended from the chamber ceiling, and the probe cable was secured against the subject's head with a headband. The OAE probe was sealed to the ear canal with a rubber tip supplied by OAEprobe manufacturer. Before each DPOAE test, wideband chirp responses were collected in the ear canal. These responses were used to (a) estimate the first half-wave resonant frequency, f k/2 ; (b) judge the probe seal; (c) calibrate the DPOAE stimuli in situ; and (d) derive ear-canal load and surge impedance to calculate the pressure reflection coefficients [R, and R S , respectively; see Eqs. (1) and (2); procedures detailed in Souza et al., 2014] . Accurate estimation of f k/2 was facilitated by normalizing the ear-canal chirp response by the chirp response of a 15 -m coiled copper tube (i.d. 7.9 mm; Souza et al., 2014) . This normalization removes irregularities in the earphone frequency response that can obscure identification of f k/2 . The half-wave resonant frequency was used to estimate the one-way ear canal delay using the equation, s ¼ 1/(2f k/2 ). 6 We regarded the probe as adequately sealed in the ear canal when the lowfrequency ear-canal absorbance was less than 0.29 and the low-frequency admittance angle was greater than 44 (averaged over 0.2-0.5 kHz, adapted from Groon et al., 2015) . The stimulus voltages fed to the speakers were calibrated to produce a constant FPL-based calibration [Eq. (1)]. Additional DPOAE runs were collected with the stimulus voltages calibrated to produce a constant total sound pressure at the OAE probe microphone (SPL-based calibration), as conventionally done in many OAE measurement systems.
The pressure reflectance of the ear canal (R) and of the OAE probe source (R S ) were derived from the Th evenin source parameters and from the measured ear-canal responses to the chirp stimuli [see Eqs. (2) and (7) in Souza et al. (2014) , respectively]. The surge impedance of the ear canal was determined using an empirically optimized procedure detailed elsewhere (Rasetshwane and Neely, 2011; Souza et al., 2014) .
C. DPOAE measurements and analysis
DPOAEs were recorded at frequencies f DP ¼ 2f 1 À f 2 (0.6-10.6 kHz) with primary tone levels L 1 , L 2 of 62, 52 dB (SPL or FPL) at a fixed primary frequency ratio, f 2 /f 1 , of 1.22. The primary frequencies were swept upward at a rate of 1 octave/s, and each primary tone was played through a separate speaker. The swept-tone paradigm (also used for stimulus-frequency otoacoustic emissions, SFOAEs) allows rapid OAE measurements with high frequency resolution (e.g., Long et al., 2008; Kalluri and Shera, 2013) . The full range of tested frequencies was divided into three overlapping segments having f 2 {start, stop} frequencies of {0.96, 2.6}, {2.4, 6.6}, and {6.1, 16.5} kHz, respectively, resulting in $0.1 octave overlap between the sweeps. To expedite the data collection, the three primary sweeps were presented concurrently, each lasting $1.44 s.
7 Fast data collection helped to minimize possible changes in DPOAE levels due to probe slippage. Data collection was stopped after accumulating 96 artifact-free measurements (see Kalluri and Shera, 2013 for a description of a real-time artifact rejection algorithm for swept-tone OAEs). Phase-rotation averaging was employed to cancel out the f 1 and f 2 primaries from the measured response (Whitehead et al., 1996) . DPOAE amplitude and phase were estimated using a least-squares fitting (LSF) procedure (Long et al., 2008; Abdala et al., 2015) . In the LSF technique, models of the DPOAE and primary tones are fit to the measured time waveforms by minimizing the sum of the squared residuals between the model and the data. The LSF analysis is conducted on short segments (frames) of overlapping Hannwindowed data with specified duration. Window durations were adjusted to account for the sweep rate and to accommodate the frequency-dependent latency of the reflection component of the total DPOAE 8 (Shera and Guinan, 1999; Abdala et al., 2015) . Prior to unwrapping, DPOAE phase at f DP was corrected for the phase variation of the primaries by subtracting 2/ 1 À/ 2 , where / 1 and / 2 are the phases of either the forward or total stimulus pressures (depending on the calibration routine employed) at the frequencies f 1 and f 2 , respectively.
9 Group delays were calculated as the negative slope of the OAE phase (in cycles) vs frequency functions. The measurement noise floor was estimated by applying the LSF analysis to the difference waveform obtained by subtracting adjacent sweep pairs. Although we have no reason to doubt the validity of our DPOAE data collection and analysis procedures, we note that the results presented here depend not on absolute values but on changes (e.g., due to probe position and/or calibration procedure) between OAEs obtained using the same swept tones and LSF routines. DPOAEs were measured using both FPL-and SPLcalibrated stimuli at each of two different probe positions: First, with the OAE probe sealed near the entrance of the ear canal (shallow insertion depth) and, subsequently, with the probe pushed deeper (by about $3 mm) into the ear canal (deep insertion). The probe position was adjusted (sometimes involving reinsertion and changing a tip size) until a good seal was obtained. Changes in probe position were evaluated acoustically using changes in f k/2 . Differences between DPOAE levels and phase-gradient group delays obtained at the two probe positions were compared for (i) DPOAEs collected using SPL-and FPL-calibrated stimuli and (ii) for DPOAEs expressed conventionally as total sound pressure at the probe microphone (OAE SPL ) and as emitted pressure at the TM (OAE EPL ). Following the measurements at the deep position, the probe was returned to the shallow position, taking care to match the previous (shallow) value of f k/2 (6100 Hz), and another set of DPOAE measurements was obtained (using FPL-calibrated stimuli only). Differences between DPOAE levels and phase-gradient group delays at the two shallow probe positions (bracketing the deep position) were used to estimate test-retest repeatability and served as a reference for assessing the significance of changes observed between the deep and shallow positions. To ensure the reliable measurement of DPOAE changes near the half-wave resonance, we required that DPOAE levels (in dB SPL) near f k/2 have a signal-to-noise (SNR) of at least 10 dB.
Total OAE pressures measured at the OAE probe microphone (OAE SPL ) were converted to emitted pressure at the TM (OAE EPL ) using Eq. (2). Conversion functions computed from the measured calibration parameters, R S , R, and T, were derived separately for each of the two sound sources in the ER10X probe. Because the conversion functions for the two sound sources were almost indistinguishable in any given ear, 10 the calibration parameters for the two sources were averaged before obtaining a single, final conversion function used in subsequent analysis.
D. Tube measurements
To test the consistency of our measurements and model we obtained direct and indirect measurements of emitted pressure in two tubes. Illustrated in Fig. 2 , the measurement configuration consisted of two brass tubes: a long (15-m) open tube and a short ($30 mm) closed tube of the same diameter (i.d., 7.9 mm). Both tubes were terminated with a sound source that served as an analog of the OAE source at the TM. The sound source (a modified Audax TW010F1, Meniscus, Grand Rapids, MI, coupled via 16 ga flexible tubing to a foam tip sealed to the end of the tube) was driven by a constant-voltage chirp stimulus ($50 dB SPL). In the long (effectively anechoic) tube, the emitted pressure produced by the sound source was measured directly using a probe microphone (ER7C, Etym otic Research) placed near the foam tip [ Fig. 2(A) ]. In the short tube, driven in the same way, the total pressure at the opposite end of the tube was measured using the ER10X probe [ Fig. 2(B) ], just as done in human ears. Prior to each measurement, the closed-tube parameters necessary to compute the total-to-emitted pressure conversion function were derived as described in Secs. II B and II C. In total, six measurements were obtained in each cavity, reinserting the speaker foam tip, ER7C probe tip, or ER10X probe tip before each measurement. While the positions of the speaker foam tip and the ER7C were kept as similar as possible between the measurements, 11 the position of the ER10X in the closed tube was purposely varied to obtain measurements at six different insertion depths.
III. RESULTS
A. Compensating for the effects of ear-canal acoustics on OAE measurements
We tested whether EPL can compensate for ear-canal standing waves and improve the test-retest repeatability of OAE measurements. Before describing our results in detail, we preview the main result. Figure 3 demonstrates that when combined with FPL stimulus calibration, the conversion to EPL renders OAE measurements insensitive to the location of the ear-canal probe. The figure shows average changes due to probe position (deep vs shallow) in DPOAE level and group delay obtained using different measurement approaches (see legend). DPOAEs measured with FPLcalibrated stimuli and converted to EPL are nearly independent of probe position ( Fig. 3 ; red solid line). The observed differences in levels and group delays are comparable to the test-retest repeatability of the DPOAE measurements at the shallow location (<2 dB, gray solid line).
In contrast, conventional DPOAE levels (i.e., the total OAE pressure expressed as SPL) vary by $10 dB with probe position at frequencies near the half-wave resonance (see triangles), even when the stimuli are calibrated using FPL [ Fig Our results demonstrate that compensating for the effects of ear-canal acoustics on both the evoking stimuli and the resulting emissions allows OAE measurements to be made reproducibly across test sessions, independent of probe placement in the ear canal, over frequencies spanning most of the range of human hearing. In Secs. III B and III C, we validate the use of emitted pressure in measurements made in simple tubes and then discuss the results obtained in human subjects in more detail.
B. Validation in simple tubes
Before applying the method in human subjects, we tested the integrity of our framework by making measurements in tubes (Fig. 2) . Specifically, we compared direct measurements of emitted pressure in an anechoic tube to estimates derived from measurements in a closed tube using Eq. (2). (In an anechoic tube, the total and emitted pressures at the sound source are the same.) Figure 4 demonstrates that estimates of emitted pressure (OAE EPL ) obtained from the FIG. 2 . Cartoon of the experimental setup for pressure measurements in simple tubes. In (A), the sound source (Audax) was placed in a long anechoic tube and the pressure near the source was measured with a probetube microphone (ER7C). In such conditions, the pressure measured with the ER7C approximates the emitted pressure (i.e., the initial outgoing going wave at the sound source). In (B), the sound source was inserted into a brass tube terminated with an OAE probe assembly (ER10X). The total pressure generated by the sound source was recorded with the ER10X microphone and transformed to an estimate of emitted pressure using Eq. (2).
FIG. 3. (Color online)
Mean differences (61 SD) in measured DPOAE levels (A) and group delays (B) due to changes in probe insertion depth (deep minus shallow, n ¼ 5). Data with a SNR less than 6 dB were excluded from the calculations (16%-19% of the data, depending on the curve), and the results were gently smoothed (post-averaging). closed tube agree well with those measured directly in the anechoic tube, generally matching within 62 dB in level and 60.03 ms in group delay, close to the test-retest repeatability of the measurements [Figs. 4(A) and 4(B), means in black, six individual measurements in gray]. Small discrepancies between measured and estimated pressures may reflect errors in the source and microphone calibrations, as well as possible changes in resonance conditions between the tube cavity and flexible tubing connecting the speaker to the foam tip [e.g., the "wiggles" in Figs. 4(A) and 4(B)]. Some variability is also expected because of our limited ability to control the exact position of the ER7C probe position relative to the sound source, where the pressure distribution is non-uniform due to the presence of evanescent waves.
The six measurements of total pressure (OAE SPL ) obtained at different probe insertion depths in the closed cavity were paired to form three sets of "deep" and "shallow" probe placements. Figures 4(C) and 4(D) show the changes in total pressure and group delay (black lines) due to changes in probe placement for each of the three pairs of measurements. At low frequencies (<3 kHz), total pressures increase at deeper insertion depths because the cavity (or load) impedance varies inversely with tube length and frequency (see note 4). This dependence on insertion depth can be partially corrected for using measured changes in load impedance at low frequencies (Scheperle et al., 2008) . However, near the half-wave resonance frequencies, f k/2 , marked for the shallow and deep measurements in each pair using closed and open triangles, respectively, the pressures vary with probe position by as much as 15 dB in magnitude and 0.5 ms in group delay. By contrast, the red lines in Figs. 4(C) and 4(D) show that conversion to emitted pressure (OAE EPL ) almost completely eliminates the dependence on probe position.
At least in simple tubes, these results demonstrate that Eq. (2) for the emitted pressure OAE EPL accurately extracts the initial outgoing pressure wave emitted by the sound source in a way not susceptible to changes in acoustic load caused by shifting the probe position relative to the sound source.
C. Application to human subjects
We obtained usable data from five of eight subjects tested. Data from the remaining three subjects did not meet our SNR criterion near f k/2 at either the shallow or the deep probe placement (see Sec. II). Additionally, in one of the three excluded subjects (ID029) we were unable to obtain an adequate acoustic seal at the shallow probe placement. Figure 5 shows example DPOAE measurements displayed both as total pressure (i.e., OAE SPL , the conventional OAE) and as emitted pressure (OAE EPL ). The OAE measurements were obtained using FPL-calibrated stimuli. The top panels show the magnitude and phase of the conversion function derived from the calibration procedure, and the bottom panels show the results of the conversion. The transformation from total to emitted pressure has large effects on OAE magnitude both at low frequencies, where the ear canal can be approximated as a simple volume, and near f k/2 (downward triangle in Fig. 5 ), where standing-wave interference is significant. The phase of the emitted pressure manifests both a shallower overall slope, due to compensation for the one-way ear-canal delay, and significant changes near f k/2 specific to the correction for standing waves [ Fig. 5(C) , triangle]. We obtained similar conversion functions in the tube tests (Sec. III B, data not shown), suggesting that the ear canal is reasonably well approximated by a uniform tube.
Conversion of conventional OAEs to emitted pressure
Although the conversion from total to emitted pressure generally reduces absolute OAE levels, it does not affect the SNR, which is determined at the time of OAE measurement. Thus, when noise in the conversion function itself can be neglected-that is, when the SNR of the calibration measurements is large compared to that of the OAE measurements-then the effective EPL noise floor can be estimated by applying the same conversion [Eq. (2)] to the measured noise. Of course, the noise floor obtained in this way should not be interpreted as "emitted noise" from the TM. Indeed, unlike OAEs, the measurement noise does not consist entirely-or even primarily-of sound emanating from the TM. At low frequencies, much of the measurement noise is body or subject noise (e.g., breathing), which can enter the ear canal by other routes, and at higher frequencies most of the noise is electronic (e.g., amplifier noise), unrelated to the acoustics of the ear canal.
Changes in ear-canal acoustics with probe insertion depth
Significant changes in half-wave resonant frequency with insertion depth allow us to explore the sensitivity of DPOAE measurements to probe placement. When the probe was moved from its initial shallow position toward the TM, the mean value of f k/2 across the five ears shifted from 7.61
[standard deviation (SD) 0.26] kHz to 8.96 (0.33) kHz (p < 0.001, paired t-test). After the probe was returned to the shallow position to obtain retest data, f k/2 averaged 7.61 (0.32) kHz, a value statistically indistinguishable from the initial shallow placement (p > 0.9). The frequency of the quarter-wave null (f k/4 ) also shifted significantly when the probe was advanced toward the TM, changing from 3.31 (0.72) kHz to 3.89 (0.93) kHz (p < 0.05), while no significant difference was observed between the two shallow positions (p ¼ 0.08). Thus, we presume that any differences in the DPOAEs measured at the two shallow positions arise primarily from measurement noise and/or intrinsic fluctuations in DPOAE levels over time, rather than from changes in the residual ear-canal length.
We used the value of f k/2 to obtain acoustic estimates of changes in probe insertion depth as well as one-way earcanal delays. For the shallow insertion depth the probe was on average 23.2 (SD 0.8) mm away from the TM while for the deep insertion depth this distance decreased by on average by 3.5 (0.2) mm. The one-way ear-canal delay averaged 65.8 (2.3) ls and 55.9 (2.1) ls for shallow and deep insertion depths, respectively. Our estimates of one-way ear-canal delays are similar to the estimates of Rasetshwane and Neely (2011) derived from time-domain reflectance measurements.
The magnitude of the ear-canal pressure reflectance had a broad minimum (with jRj $ 0.6) in the range 1-5 kHz, similar to previous reports (e.g., Stinson, 1990; Keefe et al., 1993; Voss and Allen, 1994; Rasetshwane and Neely, 2011; Souza et al., 2014) . In most cases, the reflectance did not vary with probe insertion depth by more than 60.15 at frequencies below $10 kHz (mean change always <0.12), which is similar to the variation of test-retest measurements (change usually within 60.15 and mean always <0.09). However, at frequencies greater than 10 kHz, jRj changed with probe insertion depth more than expected based on retest measurements, and in some instances jRj exceeded 1, implying errors in the measurements or a violation of the assumptions. Values of jRj exceeding 1 at high frequencies were also reported in Souza et al. (2014) for normal human ears, in Merchant et al. (2016) for temporal bone preparations, and in Lewis and Easterday (2016) for measurements in ear simulators. Lewis and Easterday (2016) suggest that the sensitivity of jRj to probe placement at high frequencies may be due to the impedance mismatch created at the plane of the sound source in the ear canal. Although these anomalies in measurements of jRj likely had only minor effects on the conversion to emitted pressure (which was applied for f DP 10 kHz), they could have influenced the FPL stimulus calibration at higher frequencies, since f 2 was swept up to 16 kHz. Errors in stimulus calibration can introduce an apparent sensitivity of emitted pressure to the probe insertion depth.
3. Sensitivity of DPOAE magnitude and phase to probe insertion depth Figure 6 shows DPOAEs collected at two probe positions for one example subject. When DPOAEs are evoked using SPL-calibrated stimuli [Figs. 6(A) and 6(B)], clear changes in DPOAE magnitude and phase occur when the probe is moved toward the TM (solid black curves vs dashed red curves). DPOAE magnitudes change across the entire tested frequency range [ Fig. 6 (C), red curves], with the largest changes occurring near the values of f k/2 (triangles); by contrast, only small changes are observed in the retest data (gray). The dependence of DPOAE level on probe position seen here reflects the combined effects of ear-canal acoustics on both the evoking stimuli and on the emission itself. For instance, the SPL-calibration overcompensates the stimuli level near the quarter-wave null, resulting in stronger stimulation of the cochlea (e.g., Siegel and Hirohata, 1994; Scheperle et al., 2008; Chen et al., 2014) . This may explain the increase in DPOAE levels near 2-4 kHz at the deep probe placement, where the f 1 frequency (2.6-5.2 kHz) was near f k/4 (shifted from 2.6 to 3.4 kHz; see Sec. IV).
DPOAEs evoked using FPL-calibrated stimuli are less sensitive to changes in insertion depth, at least for frequencies below 5 kHz [Figs. 6(D) and 6(E)]. At low frequencies (<3 kHz), the increase in DPOAE levels at the deeper insertion depth can be explained by the change in the ear-canal load impedance, approximated as a simple volume [e.g., see Fig. 4(C) , black line; also see Scheperle et al., 2008) . However, near the values of f k/2 , DPOAE levels changed by over 10 dB [ Fig. 6(F largely independent of probe position, the changes in DPOAE pressure (OAE SPL ) evident in Figs. 6(E) and 6(F)] presumably arise primarily from the acoustical effects of the residual ear-canal space on the OAEs themselves, rather than on the evoking stimuli.
Converting the conventional DPOAEs shown in Figs. 6(D) and 6(E) to emitted pressure (OAE EPL ) substantially reduces the sensitivity of both magnitude [ Fig. 6 (G)] and phase [ Fig. 6(H) ] to probe placement. Indeed, when expressed using emitted pressure, DPOAE level changes [ Fig. 6(I) , red line] are similar to the test-retest repeatability of the measurement (gray line). Thus, the transformation to EPL reduces the dependence of DPOAE measurements on probe position, consistent with the observations in the simple tubes [Figs. 4(C) and 4(D)]. As already summarized in Fig. 3 , we obtained similar results in the other four subjects.
IV. DISCUSSION
A. Effects of ear-canal acoustics on stimulus and emission
To attenuate environmental noise reaching the microphone, OAEs are usually measured with the probe sealed in the ear-canal entrance using a foam or rubber tip. Unfortunately, reflections within the ear-canal space produce standing waves (e.g., Lawton and Stinson, 1986 ) that create problems for stimulus calibration. (Table I estimates the frequency ranges affected by standing-wave interference in several common species.) For example, in-the-ear calibration procedures that maintain a constant total sound pressure at the probe microphone can produce variations in pressure at the TM of as much as 20 dB due to interference between forward and reverse waves at frequencies near the quarter-wave nulls [ Fig. 1(B) ; Siegel, 1994; Siegel and Hirohata, 1994] . These effects manifest themselves most simply when stimulus and response are at the same frequency; for example, as reduced behavioral thresholds or increased SFOAE amplitudes near f k/4 (Lewis et al., 2009; Chen et al., 2014; Souza et al., 2014) . Interpretation of the effects of quarter-wave nulls on DPOAE measurements is more complicated, since DPOAE levels depend on both the absolute and the relative levels of the two evoking tones (L 1 and L 2 ), which are altered differently when either f 1 and/or f 2 approach f k/4 (Whitehead et al., 1995) . As a result, changes in DPOAE levels due to calibration errors near f k/4 are less easily predictable. Figure 7 illustrates how the estimated levels of the two primary tones at the TM vary with probe insertion depth. The pressure at the TM was approximated by the sum of the magnitudes of the forward and reverse waves (Lewis et al., 2009) . When using SPL-calibration (dashed lines), the greatest variation in stimulus pressures occurs for f DP > 3 kHz, which coincides with the region where the largest changes in DPOAE levels are noted for SPL-calibrated stimuli [ Fig. 3(A) , dashed black line]. In the individual data, DPOAE levels are often affected at even lower frequencies [e.g., f DP $ 2 kHz, Fig. 6(C) ], but the sign of the shift varies across subjects and the changes tend to cancel in the mean [ Fig. 3(A) , dashed black line between 2 and 3 kHz]. These findings are similar to those of Scheperle et al. (2008) and Zebian et al. (2011b) , who noted that when using SPLcalibrated stimuli DPOAE levels are most sensitive to probe insertion depth at f DP frequencies from $2 kHz to the highest frequencies tested (5 and 6.4 kHz, respectively). The shift in DPOAE levels correlates well with both the shift in the estimated L 1 (average correlation coefficient of 0.6; SD 0.03; one-sample t-test p < 0.001) and the difference L 1 ÀL 2 (0.46; 028; p < 0.03) but not with the shift in L 2 (À0.1; 0.35; p > 0.05). This agrees with observations that DPOAE levels are more sensitive to changes in L 1 than in L 2 (Gaskill and Brown, 1990; Whitehead et al., 1995) .
When using FPL-calibration, by contrast, the estimated primary tones at the TM vary little with insertion depth (Fig.  7, solid lines) . Maximal changes in L 2 of a few dB occur for f DP near 9-10 kHz (i.e., for f 2 > 10 kHz), where the estimated ear-canal reflectance depends on insertion depth and sometimes takes on unphysical values (e.g., jRj > 1, see also Souza et al., 2014; Lewis and Easterday, 2016; Merchant et al., 2016) . At these higher frequencies, FPL-calibration is FIG. 7 . (Color online) Mean level differences (deep minus shallow) for estimates of the pressure at the TM obtained by summing the magnitudes of the forward and reverse pressure waves (Lewis et al., 2009 ). Measurements at the two insertion depths were made with stimuli calibrated using forward (FPL, solid line) and total (SPL, dashed line) pressure in five subjects. Line colors code TM level differences for different primaries: Black is the lower frequency primary tone (L 1 ); blue is the higher frequency primary tone (L 2 ); and magenta is the level difference (L 1 ÀL 2 ). All data are plotted versus f DP to facilitate comparison with Fig. 3 . presumably less accurate. Despite the near constancy of the primary tone levels at the TM, DPOAE levels change by as much as 10 dB with insertion depth (Fig. 3 , dotted blue line), even at frequencies where no changes in the primaries are expected (e.g., f DP < 9 kHz). These results obtained with FPL calibration suggest that the DPOAE level changes arise through the effects of ear-canal acoustics on the emission itself. The acoustics of the closed ear canal boost the total OAE pressure both at low frequencies and near the half-wave resonance frequencies, whose values depend on the length of the residual ear-canal space [i.e., on the probe insertion depth; see Fig. 4(C), black line] . However, when DPOAEs measured with FPL-calibrated stimuli are converted to emitted pressure (i.e., to OAE EPL ), the emissions become independent of probe position across the whole frequency range tested (Fig. 3, solid red line) . Changes in OAE EPL with probe insertion depth are comparable to test-retest changes measured after removing and refitting the probe in (almost) the same position (Fig. 3, gray line) . During the probe refitting, we took care to match the f k/2 values for the two measurements within 100 Hz, resulting in mean retest differences less than 2 dB. These changes are similar to the variability in DPOAE levels obtained in sequential, repeated measurements performed without removing the probe (Piłka et al., 2014) . In addition, we tried to minimize possible DPOAE changes due to slow modulations in middle-ear static pressure or the cochlear processes involved in OAE generation (e.g., outerhair-cell operating points) by making the required measurements in each subject during a relatively short period of time. However, small changes arising from effects unrelated to earcanal acoustics cannot be excluded and would not be corrected by conversion to emitted pressure (see Sec. IV F).
In summary, the acoustics of the residual ear-canal space have their largest effects on stimulus pressures near f k/4 and on OAE pressures near f k/2 (and also at low-frequencies). Because they grow in a complicated, nonlinear way with stimulus level (e.g., Brass and Kemp, 1993; Dorn et al., 2001) , OAEs cannot easily be corrected post hoc for earcanal effects on stimulus calibration. For example, applying emitted-pressure corrections to OAEs measured using SPLcalibrated stimuli still yields emission measurements that depend on probe position (data not shown). In contrast, the effects of ear-canal acoustics on the OAEs themselves can be removed after the measurement via the conversion to emitted pressure [Figs. 5(A) and 5(C)].
B. OAE test repeatability and performance: Clinical implications
The sensitivity of OAEs for detecting changes in cochlear health in subjects exposed to noise, ototoxic drugs, or other harmful agents is limited by the test-retest repeatability of the OAE measurements (Konrad-Martin et al., 2012) . Probe removal and refitting during repeated testing is known to increase the variability of serial OAE measurements (Zhao and Stephens, 1999; Beattie et al., 2003; Mills et al., 2007; Wagner et al., 2008; Keppler et al., 2010; Piłka et al., 2014) . Piłka et al. (2014) demonstrated that probe refitting increases measurement variability at all frequencies, but effects are largest at f DP > 5 kHz, where mean DPOAE levels changed by 6-7 dB, compared with the $2 dB shifts observed at lower frequencies. The increased variability with probe refitting may reflect the contaminating influence of ear-canal standing waves on both the stimulus and the OAE pressures. At high frequencies, even small (2-3 mm) changes in probe position can result in 10-20 dB shifts in DPOAE levels when commonly used SPL-based calibration routines are employed [ Fig. 6(A) ; Scheperle et al., 2008; Zebian et al., 2011b] . Thus, much of the substantial variability seen in serial DPOAE measurements (e.g., Dreisbach et al., 2006; Sockalingam et al., 2007) may result from mismatches in probe position across measurement sessions.
The effects of ear-canal acoustics on conventional OAE pressures may explain why the use of FPL-based rather than SPL-based calibrations provides, at best, only a moderate boost to DPOAE test performance in identifying impaired ears or predicting hearing thresholds Rogers et al., 2010; Kirby et al., 2011) . Because the conversion to OAE EPL largely eliminates standing-wave effects from DPOAE measurements, and thereby decreases spurious variability across repeated sessions, the use of emitted pressure (in combination with FPL-calibration) has the potential to improve the sensitivity of OAE measurements to changes in cochlear or middle-ear status. We expect the greatest improvements in applications, such as longitudinal monitoring, where probe refitting is unavoidable. Alternatively, close attention to maintaining the position of the probe relative to the TM (e.g., by matching values of f k/2 across serial sessions) would improve the test-retest repeatability of OAEs. However, unlike the conversion to emitted pressure, simply matching values of f k/2 across sessions provides no compensation for absolute OAE levels or phases (e.g., for comparisons across subjects).
C. Application to other OAE types
Although we focus here on the application of emitted pressure to DPOAE measurements, the conversion to emitted pressure can be applied to any type of OAE whenever the ear-canal and probe-source reflectances are known. Figure 8 shows an example of applying emitted pressure to SFOAEs.
12 The SFOAEs were evoked using FPL-calibrated tones at two probe locations in the ear canal (black lines vs red lines). When expressed in the conventional way [OAE SPL , Fig. 8(A) ], the measurements show a dependence on insertion depth similar to that seen with DPOAEs (i.e., level shifts of 2-3 dB at low frequencies and $10 dB near f k/2 ). In contrast, SFOAEs expressed as emitted pressure are nearly unaffected by probe position [ Fig. 8(B) ], even at frequencies above 10 kHz (see the arrow).
Similarly, the use of emitted pressure appears equally effective at removing the dependence on ear-canal acoustics from transient-evoked otoacoustic emissions (TEOAEs), at least for the one subject tested so far (same as in Fig. 8 , data not shown). For simplicity, we employed FPL-shaped clicks for the measurement of TEOAEs (Scheperle et al., 2011) . However, the calibration of transient stimuli needs to be carefully considered based on the duration of the stimulus. For example, when the duration of the transient is comparable to or less than the round-trip ear-canal delay, calibration procedures based on the steady-state response, such as FPL, are likely inappropriate. Instead, calibrations that equalize the initial outgoing stimulus pressure (the "emitted stimulus") may be the better choice (e.g., Goodman et al., 2009 ).
D. Effects of the OAE probe system
Studies by Thornton et al. (1994) and Mills et al. (2007) demonstrated large differences between OAEs measured with different commercially available probe systems. Many of the differences observed in these studies probably arose from the lack of compensation for the levels and/or spectral content of the stimuli produced by the two systems. However, theoretical studies indicate that the acoustic load presented by the probe system can alter the measured emissions (Matthews, 1983; Jurzitza and Hemmert, 1992) , and experimental observations support that prediction (Zwicker, 1990; Nakajima et al., 1994; Withnell et al., 1998; Boul and Lineton, 2010) . If the effects of probe impedance on measured OAE pressures are predominantly acoustic-that is, if the use of different probes does not significantly alter intracochlear emission generation (see Sec. IV F)-then the conversion to emitted pressure should compensate for them. To explore this, we measured DPOAEs using two different probe systems in the same subjects (see Fig. 9 ). The two probe systems (ER10X and ER10C) differ in their Th eveninequivalent source impedances (by 66 dB over the 0.5-8 kHz range). Both probes were inserted in the ear canal to similar depths (as judged by the value of f k/2 ) and were calibrated using FPL. Differences in DPOAE levels measured with the two probes reached $3 dB near the DP frequencies of about 2 kHz (Fig. 9, black line) , where the probe reflectances were most dissimilar ($4 dB), but fell to less than 1 dB following the conversion to EPL (red line). Although limited, these data corroborate our expectation that the use of emitted pressure reduces the variability of OAEs measured using different probe systems.
E. Alternative methods for removing ear-canal acoustics from OAEs
With the goal of compensating both for the impedance of the sound system and for possible differences across animals, Fahey and Allen (1986) expressed DPOAEs measured in cats as Th evenin-equivalent OAE pressures at the probe microphone rather than as total pressures (OAE SPL ). The Th evenin-equivalent OAE pressure at the microphone (OAE Th-mic ) can be computed from the measured OAE pressure (OAE SPL ) using the following expression:
where R and R S are the ear-canal and probe source reflectances, respectively. Although expressing OAE pressures as Th evenin-equivalents at the microphone compensates for differences between OAE probes, it does not compensate for differences in ear-canal acoustics; the acoustics of the ear , right] conversion to EPL. Data segments with SNR <6 dB are shown using dotted lines. SFOAEs were measured using the interleaved suppression method at frequencies swept from 1 to 16 kHz at 1 oct/s (Kalluri and Shera, 2013) . Probe and suppressor levels were 37 and 57 dB FPL, respectively. Triangles mark the half-wave resonances and the arrow indicates the frequency of a strong spontaneous OAE. Data are from the same ear as the DPOAE data shown in Fig. 5 .
FIG. 9. (Color online)
Level differences between DPOAEs measured using two different probe systems (ER10C and ER10X). Black lines show level differences expressed in SPL (black); red lines show level differences in EPL. The thick lines are smoothed versions of the thin lines. The measurements were made using FPL-calibrated stimuli and are shown only for f 2 < 8 kHz to avoid contamination by system distortion in the ER10C probe (Richmond et al., 2011) . The probes were inserted to similar depths in the ear canal as judged by the values of f k/2 (7.7 kHz for the ER10C, 8.1 kHz for the ER10X).
canal are lumped into the Th evenin source impedance of the preparation. When the microphone can be placed acoustically close to the TM-as in the measurements of Fahey and Allen (1986) , where it was placed $4 mm from the cat TM-OAE Th-mic provides a good alternative to OAE SPL . However, OAE Th-mic becomes problematic both in human ears, where probe placement close to the TM is not possible, and, more generally, whenever small changes in probe position produce large changes in ear-canal impedance due to standing waves (Rabinowitz, 1981; Voss and Allen, 1994) . Indeed, Fig. 10 shows that OAE Th-mic varies substantially with insertion depth in human ears (dotted black line).
To compensate for ear-canal acoustics as well as OAE probe parameters, the Th evenin-equivalent OAE pressure needs to be computed at the plane of the TM instead of at the microphone inlet. Using the scattering matrix representation of the ear canal (see the Appendix) and the same reflectionless-duct approximation used to obtain Eq. (2), the Th evenin-equivalent OAE pressure at the TM (OAE Th-TM ) becomes
where T is the ear-canal transmission coefficient appearing in Eq. (2). OAE Th-TM is related to the emitted pressure (OAE EPL ) through the equation
Note that whereas OAE EPL depends on the characteristic impedance of the ear canal (i.e., on its cross-sectional area), OAE Th-TM is entirely independent of the acoustic load presented to the TM by the ear canal and probe. In principle, therefore, OAE Th-TM provides a better metric than OAE EPL for comparing OAEs across subjects, for whom ear-canal diameters vary. In our measurements, OAE Th-TM did show the expected decrease in sensitivity to probe position (Fig. 10 , dashed blue line) compared to OAE SPL or OAE Th-mic . In our (small) sample, however, OAE Th-TM tended to perform worse than OAE EPL in the mid frequency range (solid red line). Surprisingly, we also found more variability in the ability of OAE Th-TM to correct for ear-canal acoustics across subjects (see the size of the error bars), although both methods performed similarly in the test cavities (data not shown). Despite theoretical expectations, the slightly poorer performance of OAE Th-TM relative to OAE EPL suggests that OAE Th-TM is more susceptible to errors in determination of the in situ ear-canal and probe reflectances.
F. Limitations
The approximations used when deriving Eq. (2) for the total-to-emitted pressure conversion function represent the ear canal by a lossless, reflectionless tube with the same cross-sectional area at the two ends. In effect, Eq. (2) assumes that reflections and losses within the ear canal (e.g., due to reflections from the curved walls of the canal) can safely be ignored. Similar assumptions are employed when justifying the use of forward pressure [Eq. (1)]. Although we have generalized the EPL formula to the case where the ear canal can be modeled as an arbitrary two-port network (see the Appendix), determining the necessary two-port parameters in a subject's ear canal presents a challenge. In most subjects, the combination of forward-pressure calibration and conversion to emitted pressure using Eq. (2) largely eliminates the dependence of DPOAE measurements on probe position, suggesting that the approximations of the model have only a minor effect on the utility of the procedure.
In one subject, however, the conversion to EPL significantly reduced sensitivity to probe position but did not eliminate it: $10 dB level shifts remained at low frequencies. Interestingly, in this subject (033, whose measurements were excluded from the analysis due to poor SNR near f k/2 at the deep probe placement), the increase in surge impedance between the shallow and deep probe placements was substantially larger than found in the other subjects. The large increase in surge impedance-by a factor of 2.5, compared to a mean of 1.2 (range 0.9-1.5) for the other 7 subjectssuggests a correspondingly large decrease in canal crosssectional area (by $22.6 mm 2 ) between the shallow and deep positions, consistent with an abrupt tapering of the ear canal near its entrance (e.g., Johansen, 1975; Stinson and Lawton, 1989; Egolf et al., 1993) . We suspect that reflections from structures other than the TM (e.g., from the curved canal walls or rapid changes in area) contributed to the reflectance R since the shape of the "exposed" ear canal changed with the probe insertion depth (Stinson, 1990) , in violation of the assumptions underlying Eqs. (1) and (2).
Our experience with subject 033, although perhaps an outlier, serves as a reminder that reliable application of forward and emitted pressure relies on robust methods for measuring reflectance and other parameters of ear-canal acoustics. Recent studies propose promising improvements (e.g., Lewis and Neely, 2015; Lewis and Easterday, 2016) . In the meantime, problems such as those encountered in subject 033 might be reduced by monitoring (and minimizing) changes in ear-canal surge impedance across sessions. Deep probe placements (i.e., within the bony part of the ear canal) are recommended for routine measurements, since the residual ear-canal space then presumably best approximates a lossless, reflectionless tube, at least in adults. 14 Other factors that can contribute to errors in the application of forward and emitted pressure include acoustic leaks and/or static pressurization of the residual ear-canal space. The criteria we adopted here to ensure a satisfactory probe seal were sensitive to leaks with effective diameters greater than about 0.5 mm (0.02 in Groon et al., 2015) , and thus we cannot exclude the possibility of smaller leaks. On physical grounds, small leaks are especially likely at shallow probe placements; consistent with this, in all subjects the lowfrequency absorbance decreased and the angle of the lowfrequency admittance increased after moving the probe closer toward the TM. In the absence of leaks, moving the probe toward the TM can increase the static pressure in the residual ear-canal space, stiffening the TM and reducing middle-ear transmission at low frequencies (e.g., Hauser et al., 1993) . Because the conversion to emitted pressure worked as intended in most subjects, largely eliminating the dependence of DPOAE levels on probe location in the ear canal, possible errors due to leaks or static pressure seem unlikely to have had a significant impact on our results.
Finally, the conversion to emitted (and/or Th eveninequivalent) OAE pressure can compensate for ear-canal and probe acoustics only to the extent that the intracochlear mechanisms that generate OAEs are themselves independent of the ear-canal load. For heuristic reasons, we equated the emitted OAE pressure with the OAE that would be measured at the TM if the ear-canal were an infinite (anechoic) tube with the same cross-sectional area as the canal. But this description may not be entirely correct. Because of cochlear nonlinearities, the ear-canal load can affect the process of emission generation and, as a result, the effects of the load cannot be entirely removed by applying a simple, multiplicative conversion function. For example, spontaneous otoacoustic emission (SOAE) frequencies, and not simply their amplitudes, are known to depend slightly on the ear-canal load (e.g., Kemp, 1981; Schloth, 1983; Hauser et al., 1993; de Kleine et al., 2000; Boul and Lineton, 2010) , a consequence of the dependence of SOAE generation on the effective reflection coefficient at the stapes (Shera, 2003) . As our success at representing OAE measurements using emitted pressure illustrates, however, such effects are expected to be negligible in most applications.
G. Summary
In summary, we have shown that
(1) Conventional DPOAEs evoked using stimuli calibrated for total pressure depend sensitively on the position of the measurement probe in the ear canal, especially at emission frequencies greater than 3-4 kHz. The largest changes with probe position occur near the half-wave resonant frequencies of the ear canal (6-10 kHz), where changes in the DPOAE level can be as much as 20 dB and changes in group delay can approach 1 ms. (2) Stimulus calibration procedures that compensate for earcanal standing waves (e.g., by employing forward rather than total pressure) reduce the sensitivity to probe position. However, at emission frequencies greater than 5-6 kHz, DPOAE levels measured at different probe positions can still vary by up to 10 dB. (3) Converting conventional DPOAEs to emitted pressure, when combined with forward-pressure calibration of the evoking stimuli, reduces the dependence on probe position to the test-retest variability across the entire frequency range. Together, FPL-based stimulus calibration and post hoc conversion to EPL effectively remove the confounding effects of ear-canal acoustics on DPOAE measurements. Similar results apply to other types of OAEs.
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APPENDIX: EMITTED AND TH EVENIN-EQUIVALENT OAE PRESSURES
In this appendix we use a scattering-matrix formalism to derive expressions for both the emitted pressure and the Th evenin-equivalent OAE pressure in a one-dimensional duct (or transmission line) of variable cross-sectional area, adopted as a model of the residual ear-canal space. We obtain the approximate formulas used in the text by assuming that the duct is internally "reflectionless" (i.e., that reflections may occur at the ends of the duct due to the boundary or loading conditions applied there, but not within the duct itself).
A. Emitted pressure
Consider the general two-port system shown in Fig. 11 . The pressures P S , P 1 , and P 2 are total pressures. The volume velocities U 1 and U 2 are defined positive out of the source FIG. 11 . Generic two-port represented by the scattering matrix 1 S 2 . The two-port is terminated with load impedances Z 1 and Z 2 and driven by a Th evenin source pressure, P S .
(i.e., in this case, to the right; see arrows). Let the characteristic impedance at port n be denoted z 0n , and define rightand leftward traveling waves (P þ n and P À n , respectively) using the equations P 6 n 1 2 P n 6z 0n U n ð Þ . The corresponding scattering matrix
is then defined by the equation
At each port, the equivalent load reflectances R n are given by
Note that reciprocity requires that
These formulas are reviewed in Shera and Zweig (1992, Appendix A) .
To derive the formula for emitted pressure, we first find P 2 in terms of P þ 1 (i.e., the total pressure at port 2 in terms of the outgoing pressure at port 1). From the scattering matrix
Solving this for P þ 2 gives
Thus
As the next step of the derivation, we find P þ 1 (i.e., the "total" outgoing wave at port 1) in terms of ðP þ 1 Þ 0 , the "initial" outgoing wave (or emitted pressure). The formula is
where r 2 is the total reflectance of the two-port measured looking from port 1 into port 2. According to Shera and Zweig [1992, Eq. (A17) ], the formula for the net reflectance of the two-port 1 S 2 terminated in the one-port reflectance R 2 is
Note that if either r 2 or R 1 is zero, then P
Substituting in the value of r 2 and solving for the initial wave ðP þ 1 Þ 0 in terms of the total pressure P 2 yields
For future convenience it proves helpful to rewrite Eq. (A12) in terms of the net reflectance r 1 seen looking toward port 1 from port 2. By analogy with Eq. (A10) this reflectance is
Solving Eq. (A13) for R 1 and using the result in Eq. (A12) yields our expression for the emitted pressure
It may sometimes make sense to compute the initial outgoing wave as it appears at port 2, rather than at port 1. The two pressures are related by ðP
For the results presented in the main text, we simplify Eq. (A14) for the emitted pressure by assuming that the residual ear-canal space can be well approximated by a reflectionless duct or transmission line. In this special case, the scattering matrix 1 S 2 has the form
where r 6 ¼ 0: Equation (A14) then becomes
An approximate expression for t þ valid in a onedimensional duct of slowly varying cross-sectional area can be found by using the Wentzel-Kramers-Brillouin approximation to solve the Webster horn equation. The result is
where k is the wavenumber and L is the length of the duct [see Shera and Zweig, 1992, Eq. (C5) ]. For the computations in the text, we ignore possible variations in z 0 (i.e., in the cross-sectional area) along the canal and adopt the further simplification that t þ ¼ T ffi e Àixs , where x is the angular frequency and s is the one-way transmission delay. After translation using the notation key given in Sec. C below, Eq.
(A16) appears in the main text as Eq. (2) for the emitted pressure (OAE EPL ).
B. Th evenin-equivalent OAE pressure
To find the Th evenin-equivalent emission (or source) pressure, P S , as a function of the measured pressure P 2 , we use the fact that the initial outgoing pressure wave ðP þ 1 Þ 0 equals the total pressure measured at port 1 when the source is loaded by an infinite (anechoic) tube of characteristic impedance z 01 . By the voltage-divider equation
Solving for P S and expressing the result in terms of R 1 gives
Substituting values of R 1 and ðP þ 1 Þ 0 from Eqs. (A13) and (A14) yields
In a reflectionless tube (r 6 ¼ 0Þ, this reduces to After translation using the key below, Eq. (A21) appears in the main text as Eq. (5) for the Th evenin OAE source pressure at the TM (OAE Th-TM ).
C. Translation to ear-canal measurement of OAEs
The following notational translations are useful when applying Eqs. (A14) or (A16) to find the emitted pressure ("initial outgoing OAE") at the TM and/or when applying Eqs. (A20) or (A21) to find the Th evenin-equivalent OAE pressure at the TM: Port 1 ! TM Port 2 ! OAE probe microphone 1 S 2 ! scattering matrix of ear-canal space ðP þ 1 Þ 0 ! emitted OAE pressure at the TM (OAE EPL ) P S ! Th evenin-equivalent OAE pressure at the TM (OAE Th-TM ) P 2 ! total OAE pressure measured at the microphone r 1 ! load reflectance measured at the microphone R 2 ! Th evenin source reflectance of the OAE probe t 6 ! T ffi e Àixs , where s is the one-way canal delay 1 The reflection coefficients at both closed ends (near the ear tip and TM) are typically high ($0.9 and $0.9-0.6, respectively, e.g., Souza et al., 2014; Zebian et al., 2011a) .
2 Due to the curvature and more complex geometry of the human ear canal, higher-order nulls can be slightly offset from exact odd multiples of f k/4 (Stinson, 1990) . 3 Because the largest DPOAE components originate close to the f 2 place in the cochlea, DPOAEs are commonly reported and plotted versus f 2 rather than versus f DP (e.g., 2f 1 Àf 2 ). Here, however, we are most concerned with the effects of ear-canal acoustics on DPOAEs, and it is therefore more informative to use the emission frequency itself. As in all studies referenced here, the f 2 /f 1 ratio was $1.2, and the reader can easily convert f DP to the corresponding value of f 2 if preferred. 4 At low frequencies the impedance of the ear canal can be approximated by the impedance of a closed tube, such as Z ffi iz 0 =kL, where z 0 is the characteristic impedance of the tube, k is the wave number, and L is the length of the tube. Because of the inverse proportionality between Z and L, the OAE pressure increases when the OAE probe is moved toward the TM. 5 As defined by Eqs. (1) and (2), the forward and emitted pressures refer to sound emitted by two different sources, specifically by the OAE-probe (FPL) and by the TM (EPL), respectively. If the terms were applied to sound produced by a single source, then the emitted pressure would be the initial outgoing wave, whereas the forward pressure would be the sum of all outgoing waves (i.e., the initial outgoing pressure wave as well as all subsequent forward going reflections and re-reflections). Emitted and forward pressure are equivalent in an infinite, reflectionless tube. 6 The one-way ear canal delay can also be estimated from the time-domain representation of the ear-canal reflectance (Rasetshwane and Neely, 2011) . 7 In pilot experiments, we found no significant differences between DPOAEs measured using either (1) the three concurrent primary sweeps described in the text; (2) a single sweep covering the entire frequency range at the same rate; or (3) discrete primary tones stepped with a resolution of 200 points/octave. Thus, the frequency separation we employed between the concurrently presented primary pairs ($1.4 octaves) appears sufficient to prevent mutual suppression and/or other significant interaction effects on the measured DPOAE. 8 The goal was to keep constant the number of SFOAE group-delay periods in each analysis window across the frequency range. A power-law fit to human SFOAE group delay (N SFOAE , in stimulus periods) was used as a starting point, where N SFOAE ¼ bf a with b ¼ 11 and a ¼ 0.37 (see Shera et al., 2002) . The window length was adjusted with f DP (kHz) such as t win ¼ log 2 [(N/b þ f DP a )
(1/a) /f DP ]/b where N represents the desired change in OAE group delay (in periods) within the analysis window and b is the sweep rate (in octaves/millisecond). For N ¼ 1/6, t win decreased from 70.7 ms (equivalent to bandwidth, t win b, of 0.06 octaves) to 25.1 ms (0.025 octaves). These parameters provided good estimates of DPOAE finestructure (as assessed by comparing them to DPOAEs measured using discrete frequency steps with high resolution) while maintaining relatively low levels of noise. These variations in window duration over the range of measured f DP frequencies agrees well with those proposed by Abdala et al. (2015; inset in Fig. 11 ). 9 Because both the amplitudes and phases of the primaries were calibrated in situ, the phase 2/ 1 À/ 2 was nearly constant across frequency, and the phase correction was therefore not essential. We included it here to emphasize the importance of correcting for the DPOAE phase using the phase of 2/ 1 À/ 2 evaluated for primaries expressed in appropriate units (FPL and SPL).
10
Averaged across subjects and frequencies, the mean difference between the magnitude of conversion function derived from each of the two earphones was -0.065 dB (SD ¼ 0.414 dB) and -0.032 dB (0.451 dB) for the shallow and deep probe placements, respectively.
11
It was not possible to visually confirm the exact placement of the ER7C probe tip relative to the speaker foam tip in the anechoic tube. Thus, to avoid a bias in a single direction, we reinserted both ER7C and speaker tips before each measurement.
12
In the case of evoked OAEs, taking full advantage of the conversion to emitted pressure requires using a stimulus calibration method that reduces sensitivity to standing waves, such as forward-pressure calibration (or see Souza et al., 2014, for alternative methods) . In this respect, the most straightforward application might therefore be to SOAEs-with SOAEs there is no stimulus and thus no need to worry about standing-wave effects on the evoking sound. Thus, SOAEs might have advantages over evoked OAEs for validating the use of emitted pressure by varying probe position. However, in normal human subjects, SOAEs are most abundant at frequencies less than 5 kHz (e.g., Talmadge et al., 1993) , and thus
